There has been intense interest in leucine-rich repeat kinase 2 (LRRK2) since 2004, when mutations in the LRRK2 gene were discovered to cause dominantly inherited Parkinson's disease (PD). This article will address six basic questions about LRRK2 biology as it relates to PD, with particular emphasis on its discovery, current concepts of its physiological and pathological functions, and the strategies being used to discover how LRRK2 dysfunction causes PD.
P
arkinson's disease (PD) was long believed to result from environmental insults, with little or no role for genetic factors. This notion began to change in 1997 with the discovery of PD-causing mutations in the SNCA gene that encodes a-synuclein, and the demonstration that a-synuclein is a major component of Lewy bodies, the proteinaceous aggregates that accumulate in the disease. Subsequently, several other "PD genes" that cause familial forms of PD were discovered; these genes implicate protein quality control and mitochondrial dysfunction in the pathogenesis of PD. Mutations in LRRK2 are a major genetic risk factor for familial and sporadic PD, but it remains unclear how mutations in LRRK2 cause PD-related neurodegeneration. Based on the striking similarity of LRRK2 and sporadic PD (see below), it is hoped that a greater understanding of LRRK2 biology will further define pathogenic pathways in sporadic PD and highlight novel therapeutic targets. To summarize current understanding of LRRK2 biology, this article will address six key questions (i.e., a LRRK2 FAQ), ranging from how LRRK2 was initially discovered to what is known about its physiological and pathological functions. We will also attempt to highlight major unanswered questions to be addressed in future studies.
autosomal recessive [PARK2 ( parkin), PARK6 (PINK-1), PARK7 (DJ-1)] or dominant [PARK1 (a-synuclein)] patterns of inheritance. In contrast, several families in Asia, the United States, and Europe were found to develop a dominantly inherited disease that, similar to idiopathic PD, began in the 50s or 60s and followed a course typical of the sporadic disease (see below for a clinical description of LRRK2 PD). In 2002, genome-wide linkage analysis of a large Japanese kindred led to the designation of the PARK8 locus on chromosome 12p11.2-q13.1 (Funayama et al. 2002) . This work led to the description of several additional PARK8 families. In 2004, two independent groups identified mutations in LRRK2 as the cause of PARK8 PD (Paisan-Ruiz et al. 2004; Zimprich et al. 2004 ).
Zimprich et al. successfully identified LRRK2 mutations in two families ). Both families had been followed since the early 1990s and had been linked to the PARK8 locus (Wszolek et al. 1995 (Wszolek et al. , 1997 (Wszolek et al. , 2004 Zimprich et al. 2004 ). The first family, "Family A" of German-Canadian descent, carried the 5096A . G missense mutation causing a change from tyrosine to cysteine at amino acid 1699 (herein "Y1699C"). The second family, "Family D," carried the 4321C . T missense mutation causing a change from arginine to cysteine at position 1441 (herein "R1441C") ). This identification built on years of clinical observation, neuropathology, and linkage analysis. At the same time, Paisan-Ruiz et al. identified LRRK2 mutations in an additional five families. Four of these families were from the Basque region of Spain and carried a different missense mutation at codon 1441, causing a change from arginine to glycine (herein "R1441G"), likely from the same founder. The fifth family, termed "PL," was of English ancestry and carried the same Y1699C mutation identified in Family A (Paisan-Ruiz et al. 2004 ). Subsequently, the original Japanese family was found to carry a missense mutation in the activation loop of the kinase domain (isoleucine to threonine; "I2020T") (Funayama et al. 2005) . Surprisingly, what has since become recognized as the overwhelmingly most common LRRK2 mutation was the last identified.
In 2005, another missense mutation in the activation loop of the LRRK2 kinase was reported in 13 families of North American and European origin (Kachergus et al. 2005) . This mutation changes residue 2019 from glycine to serine ("G2019S"). G2019S mutations were also identified in patients with no family history of disease (Kachergus et al. 2005) . In addition to these five mutations, an additional variant, R1441H, is located at the same codon as two confirmed mutations (R1441C, R1441G) and has been identified in PD patients (Ross et al. 2009 ). In addition, a variant in the WD40 domain, G2385R, has been reported as a risk factor for PD in Asian populations (Farrer et al. 2007; Funayama et al. 2007; Tan et al. 2009) . Although many additional mutations have been suggested to modify disease risk, the five initially described mutations (R1441C, R1441G, Y1699C, G2019S, and I2020T) are the only ones to segregate with disease in large families. LRRK2 mutations are the most common genetic cause of PD, accounting for 4% of familial PD and 1% of sporadic PD across all populations (Healy et al. 2008 ). Furthermore, in certain populations, notably North African Arabs and Ashkenazi Jews, the prevalence of LRRK2 mutations is even higher, accounting for up to 40% of all PD cases (Lesage et al. 2006; Ozelius et al. 2006) .
Of the LRRK2 mutations, G2019S is clearly the most prevalent in North American and European populations; it is present in more than 2% of general North American and English PD Brain Bank specimens (Gilks et al. 2005; Nichols et al. 2005) . A large multinational study involving 1045 patients with LRRK2 mutations (from 133 families) found penetrance of the G2019S mutation to be 28% at 59 years, 51% at 69 years, and 74% at 79 years (Healy et al. 2008) . The other four LRRK2 mutations (R1441C, R1441G, Y1699C, and I2020T) are much less common, having been identified in only a small number of patients.
In addition to the five mutations that clearly segregate with familial PD, variation in the LRRK2 gene has also been implicated as a risk factor for idiopathic PD. Two genome-wide association studies found that common genetic variants in LRRK2, as well as variations in the SNCA gene and the MAPT locus, are associated with an increased risk for sporadic PD (Satake et al. 2009; Simon-Sanchez et al. 2009 ). These studies, and the clinical and pathological similarity of PD patients with and without LRRK2 mutations, suggest that research into the biological and pathological functions of LRRK2 are likely to apply to sporadic disease as well. It must be cautioned, however, that these association studies do not prove causation, nor do they suggest how changes to the LRRK2 protein might contribute to sporadic PD. Conclusions about the role of LRRK2 function in sporadic disease await formal testing of these polymorphic forms of LRRK2 in vitro, and ultimately, a determination of whether strategies that benefit PD patients with LRRK2 mutations (e.g., kinase inhibitors) are also beneficial in patients with idiopathic PD. An improved understanding of signaling events downstream from LRRK2 would also allow studies exploring a potential link between LRRK2 and sporadic PD.
QUESTION 3: DO PATIENTS WITH LRRK2 MUTATIONS LOOK LIKE PATIENTS WITH "TYPICAL" PD?
Clinically, LRRK2 PD has been described as indistinguishable from idiopathic PD (Healy et al. 2008; Marras et al. 2011) . Clinical research is focused on following patients with LRRK2 mutations to establish any differences in clinical presentation, motor symptoms, or disease progression. Some reports do indicate that there may be subtle differences in symptoms in patients with and without LRRK2 mutations. For example, LRRK2-mutant patients are more likely than idiopathic PD patients to present initially with a tremor (Healy et al. 2008; Marras et al. 2011 ). But there is large phenotypic overlap between the two groups, and such differences actually highlight the overwhelming similarity in clinical presentation between PD patients with and without LRRK2 mutations.
Interestingly, studies of human postmortem brain indicate that different LRRK2 mutations appear to correlate with two broad patterns of neuropathology. The G2019S mutation produces a relatively consistent pattern of neurodegeneration typical of idiopathic PD and accompanied by Lewy bodies and Lewy neurites (Giasson et al. 2006; Ross et al. 2006; Taylor et al. 2006) . In contrast, three others (R1441C, Y1699C, and I2020T) often lack Lewy body pathology and are associated with "pure nigral degeneration" or pleomorphic neuropathological findings, including neurofibrillary tangles, atypical cytosolic fibrils, or motor neuron degeneration (Wszolek et al. 1997 (Wszolek et al. , 2004 Funayama et al. 2002; Zimprich et al. 2004; Taylor et al. 2006; Gaig et al. 2009) . The notion that different pathological phenotypes may be associated with distinct LRRK2 mutations was highlighted in an excellent review of LRRK2 autopsies, which noted that of 26 LRRK2 PD cases examined (encompassing several LRRK2 mutations), only 14 (54%) had Lewy bodies . Importantly, the great majority of Lewy body positive cases were from patients with the G2019S mutation (11 of 14 Lewy body cases) and these cases represented 65% of all G2019S cases (11 of 17 G2019S cases). In contrast, only one-third of "non-G2019S" cases (3 of 9 cases) had Lewy body pathology ). These observations suggest that whereas the G2019S mutation is very likely to cause neurotoxicity through mechanisms that include the accumulation of aggregated a-synuclein, it is possible that other LRRK2 mutations cause neurodegeneration through distinct, a-synuclein-independent pathways. One caveat to these potential distinctions is that the total number of non-G2019S mutants is quite small. Additionally, even in cases without aggregated a-synuclein, it is possible that soluble (and undetected) yet toxic oligomers of a-synuclein are present.
In summary, the great majority of LRRK2 patients carry the G2019S mutation and show clinical and neuropathological features that are essentially indistinguishable from those of idiopathic PD patients. Other LRRK2 mutations may lead to unique downstream events that produce different clinical features, but elucidating the potentially novel effects of these mutations requires a more detailed understanding of LRRK2 function and the effect of disease mutations.
QUESTION 4: WHAT IS THE NORMAL FUNCTION OF LRRK2?
LRRK2 is a 280 kDa protein of the ROCO family that contains several domains. Most research has focused on the two central enzymatic domains, which are the site of all five mutations associated with disease. These enzymatic domains are the Ras of complex (Roc) GTPase protein domain and the kinase domain. In addition, a short carboxy-terminal of the Ras (COR) sequence links the kinase and GTPase. Flanking the two enzymatic domains are multiple protein -protein interaction domains, including amino-terminal leucine-rich repeat domain and a carboxy-terminal WD40 domain (Fig. 1 ). LRRK2 appears to function as a dimer (Deng et al. 2008; Greggio et al. 2008; Jorgensen et al. 2009 ) and studies of fragments of LRRK2 or its prokaryotic homolog suggest that dimerization occurs in the Roc-COR region (Deng et al. 2008) .
The best-characterized LRRK2 interacting proteins are the 14-3-3 proteins Nichols et al. 2010) , which regulate protein -protein interactions typically by binding to phosphoserine/threonine-containing motifs (Tzivion and Avruch 2002; Bridges and Moorhead 2005 ). 14-3-3 appears to bind to LRRK2 via two phosphorylated serine residues in the amino terminus (phosphorylated Ser910 and Ser 935) Nichols et al. 2010 ). Similar to LRRK2 toxicity, this binding is kinase-dependent, and is disrupted by three PD-associated mutants (R1441G, Y1699C, and I2020T) Nichols et al. 2010) . Definitive substrates for the LRRK2 kinase have yet to be discovered, although putative substrates include microtubule-associated proteins (Lee et al. 2010b ), Akt1 (Ohta et al. 2011) , and LRRK2 itself (Kumar et al. 2010; Webber et al. 2011 ).
Membrane Trafficking
The normal function of LRRK2 is still largely unknown, with evidence implicating remarkably diverse pathways, including regulation of transcription (Kanao et al. 2010) , translation (Imai et al. 2008) , apoptosis , and mitochondrial function . In contrast to these divergent observations, LRRK2 is consistently observed localized at intracellular membranous structures including mitochondria Biskup et al. 2006; Gloeckner et al. 2006; Hatano et al. 2007 ), the endolysosomal system (Alegre-Abarrategui et al. 2009 ), the endoplasmic reticulum (ER) (Gloeckner et al. 2006; Vitte et al. 2010) , and Golgi (Biskup et al. 2006; Gloeckner et al. 2006; Hatano et al. 2007 ). Loss-of-function studies are typically used to infer a protein's normal function, and multiple lines of evidence from in vivo loss-of-function studies provide support for the possibility that LRRK2 participates in membrane-trafficking reactions. Tong et al. reported kidney pathology in aged LRRK2 null mice, which appeared to be a manifestation of an impaired autophagic-lysosomal pathway, with consequent accumulation of p62 
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staining, decreased levels of the autophagosome marker LC3-II, and accumulation of a-synuclein and ubiquitin . These results were recently confirmed by a second group that reported autophagic-lysosomal dysfunction in the kidneys and lungs of LRRK2 null animals as young as 6 weeks old (Herzig et al. 2011) . Kidneys and lungs both show higher expressions of LRRK2 than brain Westerlund et al. 2008) , and so may be most prone to phenotypic changes in LRRK2 null animals. Notably, LRRK2 null mice are viable and survive to at least 20 months Herzig et al. 2011 ) and do not show any clear in vivo central nervous system (CNS) phenotypes (membrane-related or otherwise) Herzig et al. 2011 ). Loss-of-function studies in invertebrate models are also consistent with a potential role for LRRK2 in membrane dynamics. Caenorhabditis elegans and Drosophila have one form of LRRK, whereas humans have two (LRRK1 and LRRK2). In flies, Drosophila LRRK (dLRRK) shares 24% identity and 38% similarity at the amino acid level to human LRRK2 ). Loss of dLRRK causes the membrane phenotype of synaptic overgrowth at neuromuscular junctions, an effect that may relate to its interaction with the translational regulator 4E-BP and altered microtubule dynamics (Lee et al. 2010b ). Interestingly, this membrane overgrowth phenotype has been observed in several other Drosophila mutants with disrupted membrane trafficking. In C. elegans, LRK-1 null animals are also viable, but show deficits in the normal sorting and localization of synaptic vesicles (Sakaguchi-Nakashima et al. 2007 ).
In vivo loss-of-function studies in zebrafish have not provided evidence in support of membrane-trafficking defects and have yielded conflicting findings. In marked contrast to the findings of LRRK2 null mice, Sheng et al. reported embryonic lethality with injection of morpholinos against the zebrafish homolog of LRRK2 (zLRRK2), whereas disruption of the WD40 domain enabled normal development but loss of dopaminergic neurons (Sheng et al. 2010 ). However, this result was not replicated in a similar study using the same morpholinos (Ren et al. 2011) . Importantly, work in C. elegans, Drosophila, and zebrafish must be interpreted with caution, because phenotypes resulting from deletion of the single LRRK2 protein in these organisms may reflect functions related to mammalian LRRK1 rather than LRRK2.
Cytoskeleton
Another emerging theme in the biology of LRRK2 is a potential role at cytoskeletal structures. This function may be related to membrane-trafficking events noted above, because membrane traffic occurs on the cytoskeleton. Several in vitro studies suggest that LRRK2 interacts with the cytoskeleton and indicate a potential role in cytoskeletal dynamics (Jaleel et al. 2007; Gandhi et al. 2008; Gillardon 2009; Parisiadou et al. 2009; Lin et al. 2010) . Potentially related to these findings, LRRK2 has been consistently observed to alter neural processes; overexpression of wild-type or mutant LRRK2 causes neurite retraction (in primary neuronal cultures) and knock-down of LRRK2 causes neurite overgrowth (MacLeod et al. 2006; Parisiadou et al. 2009; Dachsel et al. 2010) . Additional evidence indicates that LRRK2 may interact with cytoskeletal structures, with both the actin and microtubule cytoskeleton being implicated. In vitro, LRRK2 binds a/b tubulin heterodimers (Gandhi et al. 2008 ) and promotes tubulin polymerization in the presence of microtubule-associated proteins (Gillardon 2009) . The role of LRRK2 at microtubules is unclear, however. It may act directly on microtubules or microtubule-associated proteins. Alternatively, microtubules may function to localize LRRK2 signaling within the cell. For example, LRRK2 has been implicated in the FADD-caspase-8 apoptotic signaling pathway ) and activated caspase-8 is transported retrogradely along microtubules in olfactory receptor neuron apoptosis (Carson et al. 2005) . Microtubules might therefore serve as a scaffold for LRRK2 signaling via the caspase-8 pathway, or other microtubule-based signaling complexes. Further investigation is needed to clarify the role of LRRK2 both in microtubule dynamics and in neurite outgrowth to understand the normal function of LRRK2 and how this may be disrupted with disease mutations.
In summary, an emerging body of literature supports a role for LRRK2 function in vesicle trafficking and microtubule dynamics, cellular functions that themselves are closely intertwined. For example, microtubule transport is critical for the transport of membrane to distinct cellular locations in autophagy and synaptic vesicle trafficking. The membrane and microtubule effects of LRRK2 loss-offunction may therefore reflect a single LRRK2 function that becomes manifest in both of these systems, and current studies of LRRK2 function are aimed at determining whether LRRK2 functions at membranous vesicles on the cytoskeleton, or at the interface of these structures.
QUESTION 5: HOW DO PD MUTATIONS AFFECT LRRK2 FUNCTION?
Mutations can affect proteins by decreasing ("loss-of-function") or increasing ("gain-offunction") their function. For gain-of-function mutations, a mutation may either increase a protein's normal function, or confer a novel function to the protein. Importantly, these effects are not mutually exclusive. One can imagine a scenario where a mutation impairs binding to one partner (loss-of-function), leaving a protein free to bind with normal or novel partners (gain-of-function). In general, dominantly inherited mutations act via gain-offunction mechanisms, whereas recessive mutations act via loss-of-function. However, there are exceptions, such as dominantly inherited mutations that impair the function of the wild-type protein-so-called dominant-negative mutations.
All LRRK2 PD mutations fall in or near the "enzymatic core" of the protein. R1441C, R1441G, and R1441H fall within the GTPase domain, and the G2019S and I2020T mutations are located in adjacent residues in the kinase domain. These mutations fall in the "activation loop" of the kinase that is critical in coordinating the kinase phosphotransferase reaction. In addition, the Y1699C mutation falls in the region between the GTPase and kinase domains.
While our understanding of the effect of LRRK2 mutations is at an early stage, current evidence indicates that these mutations act through a gain-of-function mechanism. First, all LRRK2 mutations are dominantly inherited. Second, multiple reports indicate that the G2019S mutations increases LRRK2 kinase activity Greggio et al. 2006; Jaleel et al. 2007) , and kinase inhibition is reported to block neurotoxicity both in vitro and in vivo (Greggio et al. 2006; Smith et al. 2006; Lee et al. 2010a) . Third, transgenic overexpression of mutant (but not wild-type) LRRK2 is reported to cause PD-related neuropathology Ramonet et al. 2011) , whereas LRRK2 null mice have no clear CNS phenotype (Andres-Mateos et al. 2009; Lin et al. 2009; Herzig et al. 2011) . Lastly, as noted above, LRRK2 loss-of-function and overexpression of PDmutant LRRK2 have opposite effects on neurite outgrowth (MacLeod et al. 2006; Parisiadou et al. 2009; Dachsel et al. 2010; Lin et al. 2010; Ramonet et al. 2011) .
While compelling, these observations leave much unknown about the mechanisms whereby LRRK2 mutations promote toxicity. There are no well-validated LRRK2 substrates, so the downstream effects of increased kinase activity are unknown. In fact, it is possible that the LRRK2 GTPase domain is a target of the LRRK2 kinase, raising the possibility that altered GTPase function mediates neurotoxic LRRK2 signals (Xiong et al. 2010) . GTPasebinding partners and the effects of mutations on this domain are less well studied, although some mutations have been reported to decrease GTPase function (Guo et al. 2007; Lewis et al. 2007) . It is also unknown how the other PD mutations promote toxicity, as these do not consistently increase kinase activity (Greggio et al. 2006; MacLeod et al. 2006; Smith et al. 2006; Jaleel et al. 2007; West et al. 2007) . One possibility may be the ability of these mutations to enhance binding to FADD and promote caspase-8-dependent apoptosis, an effect that is also kinase-dependent ).
QUESTION 6: DOES LRRK2 FUNCTION IN PATHWAYS COMMON TO OTHER PD GENES?
Perhaps the most compelling evidence that LRRK2 functions in pathways common to other PD genes is the human neuropathological data. As detailed above, the majority of autopsies performed on patients with LRRK2 mutations display a-synuclein-positive Lewy bodies, tau tangles, or both , suggesting that mutations in LRRK2 result in the accumulation of a-synuclein and tau. Yet, some LRRK2 cases do not display overt protein accumulation, instead having pure nigral degeneration, raising the possibility that some aspects of LRRK2 neurotoxicity may occur independently of asynuclein or tau.
Mouse genetic studies provide some support for the possibility that LRRK2 and a-synuclein operate in a common molecular pathway. Crossing LRRK2 transgenic mice to mice overexpressing mutant a-synuclein results in worsened neuropathology, both in terms of increased protein aggregation and increased loss of neurons in the dorsal striatum . Importantly, crossing LRRK2 null animals to a-synuclein overexpressing mice has the opposite effect, causing decreased aggregation and enhanced neuronal survival. As noted above, LRRK2 null mice reportedly show a-synuclein accumulation in the kidneys of 20-month-old mice , providing some additional support for an interaction between LRRK2 and a-synuclein.
It is unknown whether LRRK2 and a-synuclein interact with other proteins implicated from PD genetics. As discussed above, LRRK2 PD presents with a distinct clinical picture from the earlier-onset PD associated with mutations in PINK-1, DJ-1, and parkin. PINK1, DJ-1, and parkin appear to result in disease pathogenesis through mitochondrial dysfunction and oxidative stress. LRRK2 has been reported to localize to mitochondria (Biskup et al. 2006; Gloeckner et al. 2006; Hatano et al. 2007; West et al. 2007 ) and can immunoprecipitate with parkin following overexpression in cell lines . However, several important caveats limit the relevance of these studies. First, they were performed before the development of highly specific LRRK2 antibodies. Second, cell studies were performed with overexpression of LRRK2, which may not reflect localization of the protein at endogenous levels. Finally, the same studies showed LRRK2 localization in many other intracellular membranous structures and subsequent cell biological experiments and animal models implicate LRRK2 in the endolysosomal pathway more so than mitochondria. Future studies will need to clarify if and how the proteins associated with autosomal recessive PD interact with LRRK2 and a-synuclein.
CONCLUSIONS
Mutations in LRRK2 contribute to both familial and sporadic PD. Therefore, increased knowledge of LRRK2 biology is likely to have profound implications to a better understanding of PD progression and prevention. In the 7 years since LRRK2 was first identified, much has been learned about it clinically and biologically. Although many questions have been answered, many more remain to be explored. Of immediate concern is the identification of substrates for the kinase and GTPase to gain a better understanding of the cell signaling pathways involved. Similarly, it appears possible that LRRK2 may function upstream of a-synuclein, but how these proteins are connected remains to be elucidated. Finally, and perhaps most pressing, is the question of how relevant LRRK2 function is in sporadic PD. The best test of this question will come from the creation of specific LRRK2 therapies that can be used clinically in PD patients with and without mutations in LRRK2. 
